A molecular mechanism by which some of the class mutations. We propose that rather than being inhibited B synMuv genes act was revealed by the finding that by lin-35 Rb, dpl-1 DP and efl-1 E2F act with lin-35 Rb the class B gene lin-35 encodes a protein similar to in transcriptional repression to antagonize RTK/Ras signaling during vulval development.
Results
to promoters, in transcriptional repression (reviewed by Lavia and Jansen-Durr, 1999). Given the potential dual activation and repression functions of DPL-1, we sought The Class B synMuv Mutation n2994 Affects a DP-Related Gene to determine if the synMuv phenotype caused by dpl-1 (n2994), which is similar to the phenotype caused by The class B synMuv mutation n2994 was isolated in a screen for synMuv mutants and was mapped using lin-35 Rb loss-of-function mutations, was caused by a gain of dpl-1 function, suggesting antagonism by lin-35 deficiencies to a region of LGII between the cloned genes rol-6 and eat-3 (J. Thomas and H. R. H., unpubRb, or was caused by a loss of dpl-1 function, indicating dpl-1 action with lin-35 Rb. lished results). We injected genomic DNA clones (Mello et al., 1991 ) from this region into n2994; lin-15A(n433)
Gene dosage experiments indicate that n2994 causes a loss rather than a gain of dpl-1 function. Specifically, mutants to obtain transformation rescue. (lin-15 is a complex locus of two genes, lin-15A and lin-15B, which dpl-1(n2994)/ϩ; lin-15A(n433) animals are non-Muv, whereas dpl-1(n2994)/mnDf67; lin-15A(n433) mutants, encode class A synMuv and class B synMuv genes, respectively.) (Clark et al., 1994; Huang et al., 1994). The like dpl-1(n2994); lin-15A(n433) mutants, have a highly penetrant Muv phenotype (Table 1) . mnDf67 is a defiMuv phenotype was rescued both by the cosmid C32F7 and by a 5.2 kb PvuII-PvuII subclone of C32F7 ciency that removes the dpl-1 locus (J. Thomas and H. R. H., unpublished results). ( Figure 1A ). The DNA sequence of this subclone contains one complete predicted gene, T23G7.1, which encodes To confirm these findings and to study further the consequences of a dpl-1 loss of function, we isolated a protein similar to human DP-1 and other DP family proteins (C. elegans Sequencing Consortium, 1998). We the dpl-1 deletion allele n3316 (see supplemental experimental procedures at www.molecule.org/cgi/content/ named this gene dpl-1 (dpl, DP-like). We obtained dpl-1 cDNA clones (see supplemental experimental procefull/7/3/461/DC1). n3316 removes 1421 base pairs of the dpl-1 locus, deleting exons that encode the condures at www.molecule.org/cgi/content/full/7/3/461/ DC1), the longest of which contains a single open reading served DPL-1 DNA binding and dimerization domains ( Figure 1B ). The predicted DPL-1 protein in n3316 muframe that encodes a protein of 598 amino acids. An inframe stop codon precedes the putative initiator methiotants contains the first three amino acids of DPL-1 followed by four unrelated amino acids prior to truncation. nine codon, suggesting that this open reading frame is full length. We determined the sequence of dpl-1 in dpl-1(n3316) caused a Muv phenotype in a class A synMuv background but not in a class B synMuv backn2994 mutants and found a splice-acceptor mutation preceding the fifth exon ( Figures 1B and 1C) . We isolated ground ( Table 1 ), confirming that dpl-1 is a class B synMuv gene. In addition, dpl-1(n3316) caused hermaphroanother dpl-1 allele, n3643, in a screen for synMuv mutants (C. J. C and H. R. H., unpublished results) and dite sterility as a consequence of defects in ovulation and, in trans to partial loss-of-function dpl-1 alleles, found two alterations in the dpl-1 locus: a nonsense mutation predicted to truncate the DPL-1 protein after caused embryonic lethality (C. J. C. and H. R. H., unpublished results). The severe effect of the n3316 deletion 340 amino acids and a missense mutation 192 residues downstream of the nonsense mutation (Figures 1B and on the dpl-1 locus combined with our observation that dpl-1(n3316) behaves genetically like the deficiency 1C). The gene affected by n2994 was previously known as lin-55 (Lu and Horvitz, 1998). mnDf67 (in heterozygotes with the dpl-1(n2994) and dpl-1(n3316) alleles) for the synMuv and sterile phenoThe DPL-1 protein shares extensive sequence similarity with DP family proteins, particularly in domains retypes indicates that n3316 is a null allele of dpl-1 (Table  1; . We purified these antibodies against a carboxy-terminal frag-A dpl-1 DP Null Allele Causes a synMuv Phenotype Mammalian DP proteins participate both in transcripment of DPL-1 (see Experimental Procedures) predicted to be truncated by the dpl-1(n3643) premature stop cotional activation and, by targeting pRB-family proteins and oocyte nuclei were also sites of strong DPL-1 exdpl-1(n2994) 0.6 (173) pression ( Figure 2D ).
We assessed the maternal contribution of DPL-1 pro- as follows: dpl-1(n2994), dpy-10(e128) dpl-1(n3316) ϩ/ϩ dpl-1 100% (n ϭ 147) of dpl-1(n2994); lin-15(n433) mutants (n3316) unc-4(e120), dpl-1(n3643), dpl-1(RNAi), ϩmnDf67 unc-4 descended from dpl-1(n2994)/ϩ; lin-15(n433) mothers (e120)/dpy-10(e128) ϩϩ, dpy-10(e128) dpl-1(n2994)/ϩϩ, ϩdpl-1 injected with dpl-1 RNA were Muv. Second, we did not (n3316) unc-4(e120)/dpy-10(e128) ϩϩ, dpy-10(e128) dpl-1(n2994) detect DPL-1 protein in embryos descended from moth-ϩ/ϩ dpl-1(n3316) unc-4(e120), dpy-10(e128) dpl-1(n2994) ϩ/ϩ mnDf67 unc-4(e120), dpy-10(e128) dpl-1(n3316) ϩ/ϩ mnDf67 unc-4 ers injected with dpl-1 RNA (data not shown).
(e120). To analyze the Muv phenotype of efl-1(n3318) and efl-1 dpl-1(n3316 RNAi) animals developed into morpho- Figure 3D) . However, the number of ventral cord nuclei in dpl-1(n3316 RNAi) adults was substancomplete Pn.a lineages in dpl-1(n3316 RNAi) animals may reflect a requirement for dpl-1 activity in cell cycle tially reduced as compared to the wild type. Some of the nuclei in dpl-1(n3316 RNAi) adults that we scored as progression in these lineages. ventral cord neurons based on morphology were larger than wild-type ventral cord nuclei and possibly polyploid Identification of Two C. elegans E2F-like Genes, efl-1 and efl-2 ( Figures 3B and 3C) . The reduced number and larger size of postembryonically derived ventral cord nuclei is Since E2F proteins interact with DP family members in mammals, we sought to identify C. elegans E2F-like consistent with a defect in the Pn.a neuroblast lineages (Sulston and Horvitz, 1981).
genes. From C. elegans EST and genomic sequence databases, we identified two genes, efl-1 and efl-2, that We directly examined the P(6-10).a lineages of three dpl-1(n3316 RNAi) animals. In the wild type, P(6-8).a are predicted to encode E2F family proteins. We obtained full-length cDNA clones of efl-1 and efl-2 (see each generate five neurons, and P(9-10).a each generate four neurons and one cell that undergoes programmed supplemental experimental procedures at www.molecule. org/cgi/content/full/7/3/461/DC1) as indicated by the cell death. All 15 of the Pn.a lineages we observed in dpl-1(n3316 RNAi) animals were abnormal. In ten cases, presence of trans-spliced leader sequences and poly(A) tails. We deduced the gene structures of efl-1 and efl-2 the Pn.a cell generated only two cells (Pn.aa and Pn.ap) and in five cases generated only three cells (Pn.aaa, by comparison of genomic DNA and cDNA sequences ( Figure 4A ). Pn.aap, and Pn.ap). In addition, the times between cell divisions in these mutant lineages were often delayed.
The EFL-1 protein is similar to mammalian E2F proteins in domains required for DNA binding and for heterFor example, the average time between the generation and division of Pn.a cells was 4.5 hr as compared to odimerization with DP family members ( Figure 4B ization domains of human E2F-4 (38% identity) and defects in backward movement similar to those observed in dpl-1(RNAi) animals. efl-2(RNAi) did not cause E2F-5 (38%) and less similar to the dimerization domains of E2F-1 (22%), E2F-2 (23%), E2F-3 (26%), and E2F-6
Muv or Unc phenotypes in a wild-type background or in either a lin-15A(n767) or a lin-15B(n744) mutant back-(26%). EFL-1 is also similar to E2F-4 and E2F-5 in that it lacks a nuclear localization signal found in E2F-1, ground (data not shown).
To analyze efl-1, we sought deletions that affected E2F-2, and E2F-3 (Muller et al., 1997; Verona et al., 1997). Because E2F-4 lacks this nuclear localization signal, this the efl-1 locus (see supplemental experimental procedures at www.molecule.org/cgi/content/full/7/3/461/ protein is proposed to function only when it is recruited to the nucleus, which occurs only in G0 and G1 cells. DC1). We obtained a single allele, n3318, that removes 1152 base pairs, deleting 268 base pairs of sequence With the exception of E2F-6, mammalian E2F proteins also have a small carboxy-terminal domain that interacts prior to the putative translation start site and the first three exons ( Figure 4A ). P(3-8).p cell divisions, germ with pRB, p107, and p130. The EFL-1 carboxyl terminus is similar to those of E2F-1, E2F-2, E2F-3, E2F-4, and cell divisions, and adult morphology were all normal in efl-1(n3318) mutants (data not shown). We isolated E2F-5 but is not similar to that of E2F-6. Together, these comparisons suggest that EFL-1 may interact with another efl-1 allele, n3639 (C. J. C and H. R. H., unpublished results), and found a nonsense mutation pre-LIN-35 Rb and may be most closely related to mammalian E2F-4 and E2F-5. dicted to truncate the EFL-1 protein after 174 amino acids ( Figures 4B and 4C ). The putative dimerization domain of EFL-2 is most similar to the dimerization domains of human E2F-3 efl-1(n3318) caused a Muv phenotype as a double mutant with lin-38(n751), lin-15A(n433), and lin-15A(n767), (31% identity) and E2F-6 (31%) and is somewhat less similar to the dimerization domains of E2F-1 (22%), all alleles of class A synMuv genes, whereas efl-1(n3318); lin-15B(n744) double mutants had wild-type vulvae E2F-2 (24%), E2F-4 (27%), and E2F-5 (25%). The carboxy-terminal region of EFL-2 is similar to the pRB family ( 
results). The truncated protein retains domains
We conducted genetic epistasis tests to investigate the similar to those used by DP family members for both relationship between dpl-1 and efl-1 and genes involved DNA and E2F binding. Although these domains are presin RTK/Ras signaling. Animals bearing dpl-1(n3316) and ent in the truncated protein, dpl-1(n3643); lin-15A(n433) lin-15A(n767) mutations as well as either sem-5 Grb2, mutants are partially defective in vulval development let-60 Ras, lin-45 Raf, or mpk-1 MAPK mutant alleles (Table 1) .
were Vul, indicating that RTK/Ras pathway activity is To assess DPL-1 protein-protein interactions in required for the dpl-1(n3316); lin-15A(n767) Muv phenodpl-1(n3643) mutants, we compared binding properties type. 
(A dpl-1 double mutant with let-23 RTK was not of a DPL-1 amino-terminal fragment to those of a DPL-1 constructed because of tight linkage and a lack of suitcarboxy-terminal fragment. We found that GST-tagged able markers.) We also observed a Vul phenotype in DPL-1(31-343) but not GST-DPL-1(344-598) bound in triple mutants containing efl-1(n3318) and lin-15A(n767) vitro-translated EFL-1 (Figure 5A
)
Antibody Preparation and Immunocytochemistry
Are dpl-1 DP and efl-1 E2F Required for Entry
Crude anti-DPL-1 antiserum was provided by B. Page and J. Priess.
into S Phase?
This antiserum was generated by injecting purified 6His-DPL-1(294- and since DP protein function is thought to be necessary and embryos were fixed for 30 min as described by Finney and for DP/E2F heterodimer function, DP/E2F activity in C. Ste phenotype caused by dpl-1(n3316), we injected dpl-1(n3316) unc-4(e120)/mnC1 mutants with C32F7 (10 ng/l) and pRF4 (80 Experimental Procedures ng/l). We recovered F1 and F2 transgenic Unc animals, which themselves produced dead eggs and rare live transgenic Unc progStrains eny. To rescue the Muv phenotype of efl-1(n3318); lin-15A(n433) All strains were cultured at 20ЊC on NGM agar seeded with E. coli strain OP50 as described by Brenner (1974). Bristol N2 was the wildmutants, we used pEFL-1.MG, a minigene construct containing the
